Measurements of incorporation of 3H-histidine into proteins in discs from tobacco mosaic virus-infected leaves suggest that the rate of host protein synthesis is reduced by up to 75 % during virus multiplication but then recovers. Polyadenylated messenger RNAs from healthy and virus-infected plants were found to have similar size distributions and polyadenylic acid chains of similar lengths. Tobacco mosaic virus infection did not cause any alteration in the concentration of host polyadenylated messenger RNA. This makes it unlikely that rates of transcription or turnover of host polyadenylated messenger RNA were altered by infection. It is suggested that inhibition of host protein synthesis during virus multiplication may result from controls at the translational level, possibly by competition between the messenger RNAs for virus and host proteins.
INTRODUCTION
When tobacco leaves are infected with tobacco mosaic virus (TMV) the virus coat protein becomes the commonest single protein and may eventually form as much as three quarters of the total protein content. Early studies of protein metabolism in infected leaves suggested that coat protein was synthesized at the expense of host protein components (Wildman et ak 1949; Meneghini & Delwiche, 1951 ; Bawden & Kleczkowski, I957) and that the rate of host protein synthesis was reduced after infection (Doke & Hirai, I97o; Hirai & Wildman, I969) .
The ways in which the virus may divert host protein synthesizing capacity to production of virus protein are not known. One possibility is that controls of transcription, translation or turnover of host messenger RNA (mRNA) might be altered. It was therefore of interest to examine host mRNA metabolism in TMV-infected leaves.
Many plant mRNAs contain 3'-polyadenylic acid sequence [poly(A) ; Higgins et al. I973 ; Gray & Cashmore, I976) ; in contrast, the mRNA for TMV coat protein is not polyadenylated (Siegel et al. 1973 (Siegel et al. , 1976 ). This difference makes it possible to examine the metabolism of a defined fraction of host mRNA in healthy and infected tissues. We have measured the effects of TMV infection on leaf content of polyadenylated mRNA [poly(A)mRNA] by molecular hybridization between the poly(A) sequences and 3H-polyuridylic acid. 
METHODS

Plants and viruses. Tobacco plants (Nicotiana tabacum
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flavum (severe yellow-green mosaic) (Melchers, 194o) were used. Inocula were prepared by grinding infected leaves with Iooo vol. of 50 mM-sodium phosphate, pH 7"o, using a pestle and mortar.
Leaves on plants 15 to 2o cm tall were dusted with 4oo-mesh Carborundum and inoculated by rubbing with virus suspension. Comparable leaves on control plants were sham-inoculated by rubbing with sterile phosphate buffer. The leaves were washed with tap water immediately after inoculation. Lengths of leaves inoculated in each experiment are given in Results.
Incorporation of aH-histidine into protein. Discs 5 mm in diam. were punched from the laminas of healthy and infected leaves. For each treatment, three replicate samples, each of four discs, were taken from three leaves. The discs were floated on water containing I/,Ci/ml L-2,5-aH-histidine (sp. act. 43 Ci/mmol; Radiochemical Centre, Amersham, U.K.). The discs were infiltrated under vacuum for 2 min, then incubated for t'5 h in a growth cabinet at z 5 °C with an irradiance of 5o W/m S. Control experiments showed that linear uptake and incorporation of histidine occurred from 2o rain after the start of the radioactive incubation.
At the end of the radioactive incubation, the discs were rinsed with distilled water and lightly blotted. They were then heated to 9o °C for 15 rain in o-6 ml o'5 N-perchloric acid, to hydrolyse any transfer RNA charged with radioactive histidine (Bretthauer et al. I963) . This procedure extracts RNA from discs without prior homogenization. After cooling on ice, the discs were homogenized and insoluble material was sedimented by centrifugation at 12 ooo g for I rain. A sample of o.3 ml of the supernatant was counted in Io ml scintillation fluid [5 g/l 2-(4'-t-butylphenyl)-5-(4"-biphenylyl)-i,3,4-oxadiazole (butyl-PBD) in 60% (v/v) toluene; 40% (v/v) 2-methoxyethanol], to measure acid soluble radioactivity. The precipitate was collected by filtration on a 2I mm diam. Whatman GF/C glass fibre disc, washed four times with 2 ml 7"5 % (w/v) trichloroacetic acid and dried. Acid-insoluble radioactivity on the discs was measured by counting in 4 ml 0"5% (w/v) butyl-PBD in toluene.
Acid-soluble and acid-insoluble radioactivities were converted to disintegrations per rain using known activities of 5-aH-polyuridylic acid [poly(U)] and all-toluene as insoluble and soluble internal standards. Acid-insoluble radioactivity was a measure of histidine incorporation into protein. Isotope uptake per disc was the sum of the acid-soluble and acid-insoluble radioactivities.
Nucleic acid extraction and TMV RN,4 measurement. Total nucleic acid was extracted from o'5 to I g samples of leaf by a detergent-phenol procedure and purified by re-precipitations and dialysis as described elsewhere (Fraser & Whenham, I978a, b) . Total yield of nucleic acid was measured from the u.v. absorption spectrum of the extract. TMV RNA content of the extract was measured after polyacrylamide gel electrophoresis (Fraser & Whenham, I978a) . The amount of non-viral nucleic acid in a sample was calculated by subtracting TMV RNA content from the total nucleic acid content.
Measurement of poly(A) content. Fifty-microgram samples of total nucleic acid were washed as precipitates with I ml o.I M-NaCI in 8o% (v/v) ethanol. The precipitate was dissolved in I ml o'3 M-NaCI, o-o3 M-sodium citrate, pH 6 (2 x SSC), then mixed with 15 nCi 3H-poly(U) (Miles Laboratories, Ltd, Slough, Bucks). Non-radioactive poly(U) (Sigma Chemical Co., Poole, Dorset) had been mixed with the radioactive poly(U) to give a total poly(U) content of o'3 #g per sample.
The nucleic acid-poly(U) mixture was heated to 9o °C for 5 min, cooled to room temperature for I h, and 4o/*g pancreatic ribonuclease (RNase) added. Non-hybridized poly(U) was digested at room temperature for 3o min. RNase-resistant poly(A).poly (U) hybrid was precipitated by addition of 500 #g bovine serum albumin carrier and 2 ml ice-cold 7 % (w/v) trichloroacetic acid. After 15 rain at o °C, the precipitate was collected by filtration on a GF/C disc and washed three times with 2 ml 7 % trichloroacetic acid. The disc was airdried and 3H radioactivity estimated by scintillation counting as above.
Control experiments showed that saturation of the poly(A) present in 5o/~g total nucleic acid was obtained by hybridization with o.I #g poly(U). Use of o'3/zg poly(U) per sample thus ensured an adequate excess. Under the conditions of hybridization used, the hybrid between poly(A) and poly(U) is not degraded by RNase (Bishop et al. I974) . Our control experiments showed that no significant amount of 3H-poly(U) was rendered acid soluble by RNase digestion when hybridized under these conditions with an excess of non-radioactive poly(A) (Miles Laboratories Ltd). Further control experiments showed that when ~H-poly (U) was mixed with total nucleic acid, RNase digestion of unhybridized poly(U) was complete by 3o min under the conditions used and no further radioactivity was rendered acidsoluble by increasing the treatment time or RNase concentration.
Sucrose density gradientfraetionation ofRNA. Between zoo and 5oo/~g total nucleic acid was dissolved in o'5 ml 2 × SSC and fractionated by sedimentation through a 32 ml linear gradient of 5 to 25% sucrose in 2 × SSC. Centrifugation was for I8"5 h at 25ooo rev/min (53 ooo g at average radius) in the SW 25"I rotor of the Spinco Ultracentrifuge, at o °C. After centrifugation, absorbance at 260 nm was monitored by upward displacement of each gradient through a flow cell. Between 28 and 33 fractions were collected from each gradient. The poly(A) content of each fraction was measured by hybridization as above, except that o'53 #g poly(U) (26"5 nCi) was used for each assay.
Measurement ofpoly(A) length. Sixty-milligram samples of total nucleic acid were prepared from plants infected with the vulgate strain of TMV and from comparable healthy plants. Poly(A)mRNA was separated from total RNA by affinity chromatography on a IOO mm long, I2 mm diam. column of poly(U)-Sepharose 4 B, as described by Trapy & Esnault 0978), except that binding was at o'4 M-NaC1 and elution at 6o °C. Poly(A) was prepared from the poly(A)mRNA by digestion of non-poly(A) regions with RNases A and T1 as described by Covey & Grierson (i 976) , except that poly(A) was ethanol-precipitated without addition of carrier.
The length of the poly(A) sequence was measured by electrophoresis in polyacrylamide gels in the presence of 99 % formamide, to ensure denaturation and to eliminate base stacking (Staynov et al. I972 ) . The gels had final concentrations equivalent to Io% acrylamide and 0"42 ~o N,N'-methylenebisacrylamide. Electrophoresis was for I2 h at 1.25 mA/gel constant current. Poly(A) preparations of known mean sequence lengths (Miles Laboratories Ltd.) were used as size standards.
After electrophoresis, the gels were washed for 5 h in distilled water to remove formamide and the positions of poly(A) peaks were determined by scanning at 265 nm in a JoyceLoebl gel scanner. The approximate length of tobacco leafpoly(A) sequences was determined using the linear relationship between log mol. wt. and electrophoretic mobility (Staynov et al. 1972) . & Wittman, I972) and thus SH-histidine will only label host proteins and virus-specified proteins other than the coat protein (Sakai & Takebe, I972 ) . As the latter are synthesized in very small amounts (Sakai & Takebe, I97z) , aH-histidine incorporation may be used for measurement of the rate of host protein synthesis in infected leaves. Fig. I . shows that during TMV multiplication, the rate of histidine incorporation in discs from infected leaves was reduced to about 5o % of the rate in discs from comparable healthy leaves. However, the rate of histidine uptake by discs from infected leaves was greater than in discs from healthy leaves during TMV accumulation. The inhibition of histidine incorporation in infected leaves may therefore have been partly masked by the stimulation of uptake. In an attempt to minimize this effect, rates of histidine incorporation in infected and healthy leaf discs were divided by the histidine uptake values for these discs, to give data for rate of incorporation per unit uptake. Fig. I (b) shows the rate of incorporation per unit uptake in infected leaf discs as a percentage of the rate in healthy discs. The data show that during virus accumulation, the rate of histidine incorporation per unit uptake was reduced by 5o to 75 %. It then recovered to the healthy leaf level after TMV accumulation had ended.
RESULTS
Inhibition of host protein synthesis during virus multiplication
The data shown in Fig. I were obtained with leaves inoculated just before they reached maximum length. We have also studied leaves inoculated when at one-third of their final length, and leaves which became infected by systemic spread of virus when less than onetenth of their final length. In these cases also, the rate of histidine incorporation in in- Virus-infected leaves were harvested 13 days after inoculation, during the period of rapid virus multiplication. The continuous line shows absorbance at z6o nm. The peaks are: at 6o ram, transfer RNA plus low mol. wt. ultraviolet-absorbing contaminants; at 8o turn, I8S ribosomal RNA and DNA; at 9o to loo mm, z5S ribosomal RNA, and at I oo to t io mm, TMV RNA; 0--0, amount of aH-poly(U) hybridized to each gradient fraction.
fected leaf discs, adjusted for uptake stimulation, was reduced by 50 to 75 % during virus accumulation, then recovered to the healthy leaf level after virus accumulation had ended. These data therefore suggest that the reduction in rate of host protein synthesis as a result of TMV infection is large, but that it only persists while TMV accumulation is occurring. A reservation must be attached to quantification of rates of synthesis based on incorporation of radioactive precursors. Any changes in precursor pool size or turnover kinetics as a result of infection could cause changes in rate of incorporation not due to changes in the rate of synthesis. However, two independent lines of research support our estimate of the extent of inhibition of host protein synthesis. Firstly, the rate of net accumulation of host protein during growth of young leaves is reduced by 60 to 7o % by TMV infection. Secondly, the rates of incorporation of 35S-sulphate into the three commonest host proteins (chlorophyll a As all these results indicate a severe inhibition of host protein synthesis during TMV multiplication, it was relevant to ask whether this was brought about by a corresponding reduction in host mRNA content, or by other means.
Hybridization with aH-poly(U) as a measure of poly(A)mRNA content
Molecular hybridization between poly(A) and the complementary homopolynucleotide, aH-poly(U) measures the total sequence length of poly(A) in a nucleic acid preparation. Two types of experiment were necessary to establish that poly(A) content is a valid measure of poly(A)mRNA content. Fig. 2 shows fractionations by sucrose density gradient centrifugation of poly(A) RNAs from healthy and TMV-infected leaves. In each case, the poly(A) RNAs had a polydisperse distribution, from 6S to over 3oS, with a peak at 9 to I3S. This distribution is consistent with the expected sizes of a natural population of messenger RNAs coding for a range of tool. wt. of proteins. There was no evidence of any partial degradation of poly(A)mRNA in virus-infected plants: this would have been detected as a shift in the distribution of the poly(A) RNAs to lighter regions of the gradient. In some nucleic acid preparations from infected plants we found a very small peak of hybridizing material at z to 3S, which probably represented a trace of free poly(A) unattached to mRNA.
Differences in poly(A) contents between samples of nucleic acid could arise not only if the samples contained different numbers of poly(A)mRNA molecules, but also if the length of the poly(A) sequence attached to each of these molecules was different in the two samples. The data in Fig. 3 indicate that the poly(A) sequences in nucleic acids extracted from healthy and TMV-infected leaves were of similar mean length and length distribution. The apparent size, based on extrapolation from the two markers of known sequence lengths, was I6O A residues for TMV-infected leaves and I8o for healthy leaves. These values are in good agreement with other reports of plant poly(A) sequence lengths (Sahger et al. I974; Covey & Grierson, I976) . Having shown that the poly(A) sequences of healthy and infected leaves are of similar length, and are attached to RNA molecules of similar size distribution, we conclude that poly(A) content is a valid measure of the amount of polyadenylated RNA, presumed to be messenger RNA, in a nucleic acid sample. This conclusion holds for weight and for number of poly(A)mRNA molecules.
Messenger RNA in TMV-infected leaves
TMV infection and leaf content of poly(A)
Poly(A) content of healthy tobacco leaves rose to a peak just before the leaf reached its maximum weight, then declined as the leaf aged (Fig. 4a) . A very similar pattern has been found for amounts of ribosomal and transfer RNA per leaf (Fraser, ~972) . Poly(A) per g fresh weight of healthy leaf fell during leaf development (Fig. 4b) .
For the experiment shown in Fig. 4 , leaves were inoculated with TMV strains Rothamsted or flavum as they approached maximum poly(A) content. The flavum strain caused much more severe visible symptoms, but as Fig. 4(c) shows, did not accumulate to such a high concentration in the plant as the Rothamsted strain. For both strains of virus, the period of most rapid TMV RNA accumulation occurred as maximum leaf weight was reached, and covered the period of maximum leaf poly(A) content and the start of the subsequent decline. Fig. 4 (b) shows that neither strain had any effect on the poly(A) concentration of the leaf.
In functional terms, a significant relationship is the amount of mRNA compared to the remainder of the protein synthesizing system of the plant, because host and virus mRNAs have to share this, and possibly compete for it. One measure of host protein synthesizing capacity is non-viral nucleic acid, which, apart from a minor (about 20 %) contribution from DNA, consists of ribosomal and transfer RNAs. Fig. 5 shows that when poly(A) content is Messenger RNA in TMV-infected leaves t47 expressed per unit protein synthesizing system in this way it remained relatively constant with leaf age, and was not altered by virus infection. We have also investigated the effects of TMV infection on poly(A) contents of leaves infected very early in development, when they still had to synthesize almost all of their eventual poly(A)mRNA content. As minute leaves are difficult to inoculate mechanically, they were infected by systemic spread of virus from inoculated lower leaves. Table I shows that there was considerable inhibition of growth by TMV infection. Poly(A) content per g leaf was not altered appreciably by either strain of virus. Poly(A) per unit non-viral nucleic acid was higher in these very young leaves than in older leaves (an effect also shown by the earliest sample in Fig. 5 ), but was unaltered by TMV 9 days after inoculation. At I7 days after inoculation, poly(A) per unit non-viral nucleic acid was actually higher in infected leaves than in healthy leaves. This probably occurred because of the very severe inhibition of ribosomal RNA accumulation which occurs when very young leaves are infected (Fraser, 1972 (Fraser, , 1973 . DISCUSSION We have shown that TMV infection does not alter the poly(A) content, a measure of poly(A)mRNA content, of tobacco leaves infected when very young or when approaching maturity. However, during the period of most active virus accumulation, the rate of host protein synthesis appears to be reduced by up to 75 %. These findings have implications for the mechanisms controlling the rate of host protein synthesis in virus-infected plants. They make it unlikely that the inhibition of host protein synthesis is effected by controls operating at the levels of mRNA synthesis or turnover: such controls would tend to alter the concentration of poly(A)mRNA. In contrast to our results, fungal infection of plants has been shown to alter the rate of poly(A)mRNA synthesis (Yoshikawa et aL 1977) and to stimulate degradation of polyribosomal mRNA (Simpson et ak 1979) The most likely interpretation of our data is that the observed inhibition of host protein synthesis is brought about by controls having their effect at the level of mRNA translation. One possibility is that the inhibition could be by purely competitive means. Infected plants contain the same amount of host poly(A)mRNA per unit protein synthesizing machinery (ribosomal plus transfer RNA) as healthy plants, but also contain the coat protein messenger RNA (Siegel et ak 1973) . If some component of the protein synthesizing system, such as ribosomes, amino acids or energy, were limiting the overall rate of protein synthesis, the presence of Iarge amounts of coat protein mRNA would tend to reduce translation of host mRNA by competition. The recovery in rate of histidine incorporation to the same level as in healthy leaves after the end of TMV accumulation (Fig. 1) is consistent with a competitive inhibition of host protein synthesis during virus multiplication. However, it is also possible that translational regulation of host protein synthesis could involve more complex controls. For example, TMV coat protein mRNA might have an inherently higher translational efficiency than host mRNA. This type of situation has been reported in virus-infected mammalian cells (Oppermann & Koch, I976) . Alternatively, the translational efficiency of host messenger RNA might be reduced as a result of TMV infection.
Plants also appear to contain significant amounts of non-poly(A)mRNAs, and some of these could possibly represent the products of a separate population of genes (Gray & Cashmore, I976; Ragg et al. 1977) . It is possible that alterations in synthesis, turnover or translation of this class of mRNA could also contribute to the observed reduction in host protein synthesis after infection.
